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Abstract Fucosylated oligosaccharides have an important
role in maintaining a healthy immune system and homeostatic
gut microflora. This study employed a commercial β-
galactosidase in the production of fucose-containing galacto-
oligosaccharides (fGOS) from lactose and fucose. The produc-
tion was optimized using experiment design and optimal con-
ditions for a batch production in 3-liter scale. The reaction
product was analyzed and the produced galactose-fucose di-
saccharides were purified. The structures of these disaccha-
rides were determined using NMR and it was verified that
one major product with the structure Galβ1–3Fuc and two
minor products with the structures Galβ1–4Fuc and Galβ1–
2Fuc were formed. Additionally, the product composition was
defined in more detail using several different analytical
methods. It was concluded that the final product contained
42% total monosaccharides, 40% disaccharides and 18% of
larger oligosaccharides. 290 μmol of fGOS was produced per
gram of reaction mixture and 37% of the added fucose was
bound to fGOS. The fraction of fGOS from total oligosaccha-
rides was determined as 44%. This fGOS product could be
used as a new putative route to deliver fucose to the intestine.
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Introduction

Over the last years knowledge has accumulated that gut micro-
biota and gut health are heavily modulated by a range of dif-
ferent oligosaccharides. In particular, fucosylated oligosaccha-
rides have an important role as they can maintain homeostatic
gut microbiota and a healthy immune system. One source of
these beneficial oligosaccharides is human milk oligosaccha-
rides (HMOs), which are a key component in human milk that
is generally accepted as the ideal food for infants. Although it is
not fully known which of these benefits derive from HMOs,
they are known to have a variety of important functions both in
the infant and for the microbiota of the infant. Human milk has,
on average, 8 g/L HMOs, and their concentration is in the same
range as that of protein. HMOs are composed of five monosac-
charide building blocks – D-glucose, D-galactose (Gal), N-ace-
tyl-D-glucosamine, L-fucose (Fuc) and sialic acid (N-
acetylneuraminic acid). The smallest HMOs are trisaccharides,
either fucosyllactose or sialyllactose. There are over 200 HMO
structures identified to date. The proportion of fucosylated
HMOs in term breast milk has been reported to be 35–50%,
depending on the mother’s genetic background. HMOs are not
metabolized by the infant, but by the microbiota of the infant’s
GI tract. Especially different species of Bifidobacteria are ex-
perts in utilizing these oligosaccharides, and HMOs are thus
perceived as prebiotics, improving the growth of beneficial
microbes [1–3].

Another source of fucosylated glycans can be found on the
surface of human epithelial cells that express ABH blood group
antigens and Lewis antigens. Many bacteria and viruses use
these antigens for lectin-mediated adhesion [4]. The process of
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epithelial fucosylation has been shown to be a response to the
colonization of the gut by certain commensal bacteria.
Fucosylation is strongest in tissues that are in close contact with
highest density of microbes [5–7]. The fucosylated epithelial
glycans function as energy source for certain commensal bacte-
ria. Bacteroides thetaiotamicron and Bacteroides fragilis, two
symbionts, produce fucosidases that cleave α1–2-fucose from
mucosal glycans. These two strains can also induce host
fucosylation and thus ensure a good carbon source for their
own growth [5, 6]. As the fucosidase enzyme is secreted, the
fucose is freed into the gut lumen and is available also for other
microbes to use. Bacteria using fucose as carbon source can
produce metabolites useful to the host and host microbiome,
such as short chain fatty acids. Bifidobacteria feeding on fucose
have been shown to produce 1,2-propanediol, which in turn can
be used by Eubacterium hallii to produce propionate. Intestinal
free fucose is also known to cause changes in bacterial gene
expression. It has been shown to suppress the virulence of path-
ogens such as Enterococcus faecalis and enterohemorragic
Escherichia coli [5–7].

Free fucose in the intestines may function as a signal mol-
ecule to warn about the invasion of mucin-hydrolyzing mi-
crobes and breakage of mucosal barrier. Intestinal epithelial
cells respond to this by up-regulation and secretion of cyto-
kines and thus preparing for an invasion of pathogens. This
signaling mechanism seems to be used by commensal probi-
otic bacteria as a means to educate the host’s mucosal immune
system without producing pathological symptoms [5–7].

Fucosylated glycans can protect against infections caused
by pathogenic or opportunistic micro-organisms. Epithelial
α1–2-fucose acts as an inhibitor against several pathogens,
such as Salmonella typhimurium. However, some pathogens,
such as Helicobacter pylori and noroviruses also use α1–2-
fucosylated glycans as means to adhere to the cell surface and
initiate infections. As these microbes bind to α1–2-fucosyl
units, it is also possible to prevent the adhesion and infections
of these pathogens by supplying exogenous glycans. [5, 6].
Fucosylated HMOs share common structural motives with
these antigens and can thus act as decoys and prevent the
adhesion of certain pathogens. Instead, the pathogens bind to
the soluble HMOs and are washed away. The most consistent
data on antiadhesive and antimicrobial effects has been report-
ed for α1–2-fucosylated HMOs and their protection against
Campylobacter jejuni and noroviruses. The content of 2′-
fucosylated oligosaccharides in milk has been associated with
lower risk of diarrhea in breastfed infants [1, 8–10].

β-Galactosidases are hydrolytic enzymes belonging to the
group of glycoside hydrolases. They catalyze the hydrolysis
of lactose by glycosyl transfer to water. Under certain condi-
tions, they exhibit a transglycosylation activity forming
galacto-oligosaccharides (GOS). The regioselectivity of the
enzymes varies leading to different linkages of GOS. β-
Galactosidases can be used to produce GOS mixtures from

lactose. The composition of GOS varies according to the en-
zymes used. The linkage between the sugar units can beβ1–2,
β1–3, β1–4 or β1–6 and the degree of polymerization (DP)
usually ranges from two to five. The structure can be either
linear or branched [11–14].

GOS are among the most promising prebiotic oligosaccha-
rides. The human intestine lacks enzymes able to hydrolyseβ-
glycosidic linkages other than lactose, making these mole-
cules immune to digestion in the small intestine. GOS can
subsequently be utilized by the intestinal microbiota leading
to a prebiotic effect [2, 11]. Commercial GOS preparations
commonly contain about 20% glucose, 20% lactose and 10–
20% other disaccharides in addition to tri-, tetra- and penta-
saccharides. GOS are used as prebiotics especially in infant
foods. Currently Vivinal-GOS is the most used GOS product
worldwide. It is a GOS mixture produced by the bacterial β-
galactosidase preparation, Biolacta, containing one or more
GH42 β-galactosidases from Bacillus circulans. According
to literature, Biolacta can catalyze the formation of β1–4 link-
ages and, to a lesser extent β1–6 linkages. Other β-
galactosidases are also commercially available, and those
from Aspergillus oryzae and Streptococcus thermophilus are
also used in the production of GOS [14–18]. Although β-
galactosidases are quite specific for the donor being a galac-
tosyl-moiety, the acceptors can vary in structure. Glucose,
galactose, fructose, fucose and N-acetyl- D-glucosamine are
known to function as acceptors for different β-galactosidses
[2, 11–13].

In this work, the aim was to produce fucose-containing
galacto-oligosaccharides (fGOS) that could serve as a carrier
of fucose into the intestines of infants. We used a commercial
β-galactosidase enzyme to produce fGOS and optimized the
production. The mass balance of the product was determined
using a variety of analytical methods. Additionally, three
fucose-containing disaccharides were purified and their struc-
ture was determined using NMR.

Materials and methods

Chemicals

A commercial enzyme preparation Biolacta N5 containing β-
D-galactosidase from Bacillus circulans was obtained from
Amano Enzyme (Nagoya, Japan). L-Fucose was purchased
fromHofman International (Calgary, AB, Canada) and lactose
(Infantose) from DMV International (Amersfoort,
The Netherlands). Oligosaccharide standards (DP2-DP7
malto-oligosaccharides) were obtained from Elicityl
(Crolles, France) and Vivinal-GOS from FrieslandCampina
(Amersfoort, The Netherlands). All other chemicals were pur-
chased either from VWR (Radnor, PA, USA) or Sigma-
Aldrich (St. Louis, MO, USA).
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Enzymatic production of fGOS

The enzymatic reaction using Biolacta N5 with fucose and
lactose as substrates was performed at 55 °C. pH was adjusted
to 6.0 using 10 mM ammonium acetate buffer. Unless other-
wise noted, the reactions were performed in a hybridization
incubator (Model 1000, Robbins Scientific, San Diego, CA,
USA). Sugar solutions were prepared in DI-H2O and pasteur-
ized at 80 °C for 15 min prior to the addition of enzyme. The
enzyme was dissolved in a small amount of water, added to a
pre-tempered sugar solution and gently mixed. Samples were
immediately placed on a 100 °C heating block for 5 min to
terminate enzyme reactions and stored at −20 °C.

Optimization

The enzymatic production of fGOS was optimized using
Modde 8.0 (Umetrics, Umeå, Sweden). The optimization
was made using a full central composite circumscribed
(CCC) design with 27 experiments including center point
and eight star points. The factors to be optimized were initial
fucose concentration (200–800 μmol/g, star points 50 μmol/g
and 950 μmol/g, center point 500 μmol/g), initial lactose con-
centration (200–800 μmol/g, star points 50 μmol/g and
950 μmol/g, center point 500 μmol/g), enzyme activity (2–
8 U/g, star points 0.5 and 9.5 U/g, center point 5 U/g) and
reaction time (5–19 h, star points 1.5 and 22.5 h, center point
12 h). The results were evaluated using statistical coefficients:
coefficient of determination (R2), coefficient of model predic-
tion (Q2), P value and P for the lack of fit. The optimum
values were predicted using a prediction tool provided by
Modde. All experiments and analytics were done without par-
allels, except for the center point at which three parallel ex-
periments were done. The modelling then uses the variation at
the center point to estimate the reliability of the results.

A kinetic experiment was performed under the optimized
conditions where the changes in reaction composition were
followed for 38 h.

Scale-up reaction

A scale-up reaction was performed at a 3.75 kg scale (approx-
imately 3 L). The reaction conditions were 130 g fucose and
325 g lactose per kg of reaction mixture (792 mmol and
949 mmol, respectively) buffered to pH 6.0 using 10 mM
ammonium acetate buffer. The reaction was carried out in a
4-L metal pot with a lid. Proper mixing was assured by the use
of a hydrofoil impeller with three blades. Temperature was
adjusted by a water bath. After pasteurization and tempering
to 55 °C, 7 U of Biolacta N5 enzyme was added per gram of
reaction mixture and the reaction was carried out for 17 h. The
reaction was stopped by raising the temperature of the bath to

100 °C. Once the temperature of the reactionmixture had been
over 95 °C for 5 min, it was cooled to 4 °C.

Analytics

The exact weight of each approximately 1 g sample was re-
corded and the samples were diluted to 5 ml with DI-H2O in a
volumetric flask. This solution was used to make further dilu-
tions when needed. A commercial galacto-oligosaccharide
product with known composition, Vivinal-GOS was used as
a reference in all the analytical steps.

TLC

Samples were diluted to approximately 2 g/L concentration
and 1 μl was pipetted to a SilicaGel 60 aluminium TLC plate
(Merck, Kenilworth, NJ, USA). A solution of L-fucose, glu-
cose, galactose and lactose, 2 g/L each, was used as retention
standard. The samples were dried and the plate was developed
twice in a chromatographic chamber using butanol - acetic acid
- H2O 2:1:1 solution as mobile phase. After drying, the sam-
ples were stained with Orchinol solution (2 g/L Orchinol in
solution of 75% EtOH and 10% H2SO4 in DI-water) and the
color was developed in an oven at 95 °C for 3 min.

Gel chromatography

Analytical gel chromatography was performed using Bio-Gel
P-2, extra fine (Bio-Rad, Hercules, CA, USA) in a 0.8 × 60 cm
column equipped with a Bio-Rad deashing pre-column and an
RI-detector (RID-10A, Shimadzu, Kyoto, Japan). Samples
were filtered through 0.2 μm HPLC-filters and 20 μl was
injected to the column. Two parallel injections were made.
Milli-Q water was used as the eluent at a flow rate of 0.2 ml/
min at 75 °C.Malto-oligosaccharides, 1 g/L each fromDP 1 to
DP 6 were used as standard.

Preparative scale gel- chromatography was performed with
the same resin using a column with the dimensions of 2.5 × 100
cm. A solution containing 400 mg of sugars was diluted to
2.5 ml with water and filtered through 0.2 μm filter unit. The
solution was injected to the column and eluted with deionized
water at 0.25 ml/min flow rate at room temperature using Äkta
instrument (GE Healthcare, Chicago, IL, USA). After a void
volume of 200 ml, 40 fractions of 5 ml each were collected.

HPAEC-PAD

Monosaccharides were analyzed by high performance an-
ion exchange chromatography equipped with pulsed am-
perometric detector (HPAEC-PAD) on a Dionex ICS-3000
system (Sunnyvale, CA, USA) equipped with a Dionex
CarboPac PA20 column (3 × 150 mm) and an ICS-3000
ED pulsed amperometric detector. Samples were diluted
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and an internal xylose standard (final concentration
10 mg/L) was added to each sample into the first dilution.
Duplicate analyses were made from separate dilutions.
Samples were filtered through 0.2 μm filters and 20 μl
was injected to the column at room temperature. Water
was used as eluent. Monosaccharides were quantified
based on external monosaccharide standards. All samples
were analyzed in duplicates from separate dilutions.

Oligosaccharides were analyzed by the same HPAEC-
PAD setup using Dionex CarboPac PA1 column (4 × 250
mm). 20 μl of filtered samples were injected to the col-
umn that was kept at 30 °C. 100 mM NaOH (A) and 1 M
NaOAc in 100 mM NaOH (B) were used as eluents. The
separations were performed at a flow rate of 0.8 ml/min.
The starting conditions were 99.8% A and 0.2% B follow-
ed by a 20 min gradient to 99% A and 1% B, and a
43 min gradient to 85% A and 15% B. The column was
washed with 100% B for 7 min and equilibrated to
s t a r t i ng cond i t i ons fo r 12 min be tween runs .
Chromeleon 7.2 software (Thermo Scientific, Waltham,
MA, USA) was used for data processing.

LC-MS of free sugars

The samples were purified with Supelclean ENVI-18 solid
phase extraction columns (Supelco, Sigma-Aldrich,
Bellefronte, PA, USA). The column (100 mg bed weight)
was washed twice with 95% acetonitrile, then equilibrated
twice with 2% acetonitrile. Sample was loaded to the column
in 2% acetonitrile and the flow through was collected.
Appropriate dilutions were prepared to a final acetonitrile con-
centration of 50% and filtered through a 0.2 μm filter.

An HPLC (1200 Infinity, Agilent, Santa Clara, CA, USA)
equipped with XBridge Amide Column (3.5 μm particle size,
2.1 × 150 mm,Waters, Milford, MA, USA) was used. Buffers
were A) 70/30 Milli-Q H2O/Acetonitrile supplemented with
0.1% NH4OH and B) 80/20 Acetonitrile/Milli-Q H2O supple-
mented with 0.1%NH4OH. The gradient used was 0% to 60%
buffer A in 15 min, then 60% to 0% buffer A in 3 min. The
column was equilibrated with buffer B for 12 min between
injections. Injection volumes between 1 μl and 20 μl were
used. A sugar solution containing fucose, glucose and lactose,
50 ppm each was used as standard in 10 μl injection volume.
The sugars were detected using Q-TOF MS (6530, Agilent,
Santa Clara, CA, USA) in the negative ion mode with follow-
ing settings: Source gas temperature 300 °C, drying gas 10
L/min, nebulizer 20 psig, capillary voltage 3000 V. The peaks
were identified by masses and the changes in concentrations
of different sugars were estimated by the proportional changes
in the areas of extracted ion count peaks.MassHunter software
version 7.0 (Agilent, Santa Clara, CA, USA) was used for all
data processing.

Carbohydrate 2-AB labeling

2-aminobenzamide (2-AB) labeling of purified oligosaccha-
rides was performed following the protocol of Bigge et al.
[19]. 400 and 800 nmol of total sugars were labeled. Excess
label was removed by paper chromatography. Two layers of
filter papers (Whatman chromatography paper, grade 3MM
CHR, GEHealthcare, Chicago, IL, USA) inserted in an empty
syringe were washed twice with 30% acetic acid, twice with
DI-H2O and twice with acetonitrile and equilibrated twice
with 95% acetonitrile. The labeling reaction was loaded in
95% acetonitrile and the sample tube was washed three times
with 95% acetonitrile and loaded to the syringe. The syringe
was washed eight times with 95% acetonitrile. The sample
was eluted with DI-H2O and dried at 65 °C under air flow.

LC-MS of labeled sugars

Samples were suspended in 90% acetonitrile/10% 100 mM
ammonium formate and filtered through 0.2 μm filters.
Same setup of LC-MS was used as for free sugars. Buffers
were A) 100 mM ammonium formate and B) 100% acetoni-
trile. The gradient used was 10% to 30% buffer A in 35 min
and 30% to 10% buffer A in 1 min. The column was equili-
brated for 9 min using 10% buffer A between samples. The
samples were analyzed in triplicates from two different label-
ing reactions using different injection volumes. Quantification
was made using Agilent’s Diode Array Detector (DAD,
G4212 with 10 mm cell V(o) 1 μl) at 254 nm. Peaks were
identified using MS-detector in the positive ion mode using
the same settings as for negative ion mode.

Purification of Gal-Fuc disaccharides

The novel galactose-fucose disaccharides were purified using
the same HPLC instrument and eluents as for free sugars. The
gradient was optimized for the separation of disaccharides and
was as follows: 5 min with 100% buffer B, gradient of 0% to
20% buffer A in 5 min, gradient of 20% to 60% buffer A in
1 min, 5 min of 60% buffer A, gradient of 60% to 0% buffer A
in 2 min, equilibration with 100% buffer B for 7 min. Several
injections were made and the two fractions containing m/z
325 product (fraction 1 from 5.4 to 7.2 min and fraction 2
from 7.4 to 7.9 min) were collected and pooled. The fractions
were dried at 45 °C under airflow.

NMR for structural analysis

The pooled fractions of the galactose-fucose disaccharides
were dried under airflow at 45 °C. The samples were dis-
solved in 600 μl of Deuterium oxide containing 0.05%
3-(trimethylsilyl)propionic-2,2,3,3,d4 acid (Aldrich, St.
Louis, MO, USA). All NMR experiments were carried out
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at 22 °C on a 600 MHz Bruker Avance III NMR spectrometer
equipped with a QCI H-P/C/N-D cryoprobe. Chemical shifts
were referenced to external acetone (2.225 ppm and
31.55 ppm for 1H and 13C, respectively).

In 1D 1H spectra, the water signal was suppressed by 4 s
volume selective presaturation (so called 1D NOESY
presaturation). Pulsed field gradient versions of DQFCOSY,
TOCSY, HSQC, HMBC and HSQCTOCSYwere used for 2D
NMR. In TOCSY, DIPSI2 spinlock was 120 ms. The one-
bond 1H-13C coupling constant in HSQC was estimated to
be 150 Hz and 8 Hz was used for the multiple bond coupling
constant in HMBC. Adiabatic 13C decoupling was employed
during HSQC acquisition time.

Results

Optimizing the enzymatic production of fGOS

In order to produce fGOS a reaction between fucose and lac-
tose using different commercial β-galactosidase enzymes was
performed (data not shown). Based on these preliminary tests,
Biolacta N5 composed of β-galactosidases from Bacillus
circulans was chosen for further experiments. Reaction con-
ditions were chosen based on the enzyme’s optimal conditions
for stability and hydrolytic activity [20]. In order to ensure
compatibility with analytical methods, 10 mM ammonium
acetate was chosen as the buffer.

The production of fGOS was first tested under different
conditions to screen for the range of optimization of principal
components (data not shown). Based on these primary results,
the effects of enzyme activity, reaction time and fucose and
lactose concentrations were investigated using a Central
Composite Circumscribed (CCC) experimental design.
Lactose concentration optimization was done at high concen-
trations as this leads to lowered water activity and higher
transgalactosylation reaction rates [12]. High fucose concentra-
tions were used to make sure that the enzyme has free fucose
available to be used as a galatosyl-acceptor. Temperature and
pH were not optimized in this study as they have been exten-
sively studied, and their effect can be predicted based on pre-
vious results [12]. The reaction products were analyzed using
HPAEC-PAD for final fucose, and LC-MS for the ratio be-
tween fGOS and total oligosaccharides (OS). The factors and
responses used in the model are presented in the Online
Resource (Table S1). The response surface plots for fGOS pro-
duction and fucose utilization are presented in Fig. 1.

In order to estimate how good the model is, R2, Q2 and P-
values were extracted from the data. R2 value indicates how
well the model corresponds to the observations and Q2 indi-
cates how well the model is able to predict experimental re-
sults. P-values predict how valid the model is. For fGOS pro-
duced the R2 value was 0.942 the Q2 value was 0.758 and the
P value was less than 0.001. The P value for the lack of fit was
0.057. These statistical coefficients suggest that the model was
highly significant and capable of predicting conversion at a
certainty level of 76%. For percentage of used fucose, the R2

Fig. 1 Response surface plots for
CCC experimental design of
fGOS production. A and c: fGOS
produced (μmol/g fucose). B and
d: used fucose (% of fucose added
to the reaction). Responses are
plotted against intial fucose and
lactose concentrations (μmol/g)
(a and b) and enzyme activity (U
per gram of reaction mixture) and
incubation time (hours) (c and d).
The remaining factors are at their
center points
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value was 0.919 the Q2 value was 0.681 and the P value was
less than 0.001. The P value for the lack of fit was 0.074.
These statistical coefficients suggest that the model was highly
significant and capable of predicting conversion at a certainty
level of 68%. For the fraction of fGOS from total OS produced
the R2 value was 0.725 the Q2 value was −0.104 and the P
value was 0.024. The P value for the lack of fit was 0.001
(data not shown). These statistical coefficients suggest that the
model was not significant.

The optimal conditions using the optimizer in Modde were
determined as 800 μmol of fucose, 950 μmol of lactose and 7 U
of enzyme per gram of reaction mixture and 22 h reaction time.

In order to investigate the effect of reaction time on fGOS
production, an experiment was made under the optimized con-
ditions and the reaction was followed for 38 h. Fucose, glucose
and galactose concentrations were determined using HPAEC-
PAD and fGOS/OS ratio using LC-MS. The results showed that
during the first 10 h the reaction proceeded rapidly, but after 14 h
the amount of free fucose and fGOS/OS ratio stayed constant
(data not shown). It could be noticed that high lactose concen-
tration in the mixture protects the fGOS from degradation, but
once most of the lactose has been hydrolyzed, oligosaccharides,
including fGOS will start to degrade. Thus, high lactose con-
centration is needed to get good fGOS production although this
leads to a lower fGOS /OS ratio.

Scale-up production

Once the optimum for fGOS production and the correct reac-
tion time had been determined, a scale-up reaction was done at
3.75 kg with a reaction time of 17 h.

In order to analyze reactions products, preparative gel-
chromatography followed by TLC analysis was conducted.
First, a preparative scale gel chromatography was performed to

fractionate sugars into fractions based on degree of polymeriza-
tion. The fractions were analyzed on TLC and selected fractions
were also analyzed using LC-MS to identify the products (see
Fig. 2). Products of both GOS and fGOS could be detected up to
DP 7.

Structure of galactose-fucose disaccharides

Gal-Fuc disaccharides were purified using LC. The dried frac-
tions were suspended in 50% acetonitrile in water and the
purity was analyzed using LC-MS. Figure 3 shows that there
was a small amount of lactose or a disaccharide of equivalent
mass in the purified fraction (m/z 341). The peak at the reten-
tion time of 5.4–7.2 min (Fig. 3a) was formed of two distinct
sugars and could not be resolved.

The structures of the disaccharides were determined byNMR
spectroscopy. In brief, most of the proton signals were first
assigned starting from the anomeric signals and the signals of
the fucose methyl groups. After that the corresponding 13C sig-
nals and most of the remaining 1H signals were assigned from
HSQC and HSQCTOCSY spectra and the locations of the gly-
cosidic bonds were initially obtained from the downfield shifts
of the fucose 13C signals at the site of glycosylation. Finally the
linkage position was confirmed by the 3-bond HMBC signals
over the glycosidic bond, if possible.

As already suggested by the relatively broad LC peak in
Fig. 3, the first disaccharide sample contained two disaccha-
rides. The anomeric and methyl regions of the 1H spectrum of
this sample are shown in Fig. 4a. In both of these saccharides,
the H1-H2 coupling constant is about 7.5 Hz (data not shown)
confirming that the galactose is in β configuration. The 1H
and 13C chemical shifts of both disaccharides are given in
Online Resource (Tables S2 and S3, respectively).When com-
pared to the 13C chemical shifts of fucose monosaccharide

Fig. 2 TLC analysis of product fractionated with preparative scale gel-
chromatography. 5 ml fractions were collected and analyzed on TLC.
Selected fractions were analyzed on LC-MS with negative ion mode
and the results of the mass analysis are marked below. All m/z values
that had intensity at least 5% of the most intense peak were
acknowledged. Those with 5–10% of the most intense peak are marked
in brackets. The m/z values correspond to the following sugars: 163 –

fucose; 179 – hexose; 325 – hexose + fucose; 341 – hexose disaccharide;
487 – trisaccharide with fucose and two hexoses; 503 – hexose trisaccha-
ride; 649 – tetrasaccharide with fucose and three hexoses; 665 – hexose
tetrasaccharide; 811 – pentasaccharide with fucose and four hexoses; 827
– hexose pentasaccharide; 973; hexasaccharide with fucose and five hex-
oses; 989 – hexose hexasaccharide; 1135 – heptasaccharide with fucose
and six hexoses; 1151 – hexose heptasaccharide
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also given in Online Resource (Table S3), it is evident that for
the more abundant disaccharide, fucose C3 signals have
shifted to the lower field, while for the other saccharide the
same has happened to the C4 signals. This is also evident from
the HSQC spectrum (Online Resource Fig. S1), where these
four signals form a group separate from the rest of the signals.
Thus the structures of the two saccharides are Galβ1–3Fuc
and Galβ1–4Fuc. This was further confirmed by HMBC sig-
nals observed between galactose H1 and fucose C3 and C4
(data not shown). Based on peak integrations, the ratio

between the concentrations of the structures Galβ1–3Fuc
and Galβ1–4Fuc was about 2:1.

The second sample contained only one disaccharide. The
anomeric and methyl regions of its 1H spectrum are shown in
Fig. 4b. Due to severe signal overlap, all signals of the α-
fucose moiety could not be assigned. However, the β-fucose
signals were fully assigned and the 1H and 13C chemical shifts
of all assigned signals are given in Online Resource
(Tables S2 and S3, respectively). Clear glycosylation shifts
of the fucose C2 signals (both anomers) compared to those

Fig. 4 Anomeric and methyl
regions of the 600 MHz 1HNMR
spectra of the disaccharide
samples in D2O. The structures of
the two disaccharides in the first
sample (panel a) were Galβ1–
3Fuc and Galβ1–4Fuc, while the
disaccharide in the second sample
(panel b) was Galβ1–2Fuc.
Unknown signals not originating
from the disaccharide are
indicated by an asterisk (*)

Fig. 3 Purity of fucose-galactose
disaccharides checked by LC-
MS. (a) – peak 1 eluting at 5.4–
7.2 min. (b) – peak 2 eluting at
7.4–7.9 min. Continuous line –
extracted ion chromatogram of
m/z 325 corresponding to Gal-
Fuc disaccharide. Dotted line -
extracted ion chromatogram of
m/z 341 corresponding to hexose
disaccharide. No other structures
were detected on the LC-MS.
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of monosaccharide fucose could again be observed. Thus, the
structure of this third disaccharide is Galβ1–2Fuc. Based on
peak integrations, this structure was present in about the same
concentration as structure Galβ1–4Fuc.

Product characterization

The mass balance of the scale-up product was analyzed using
several differentmethods. The total sugar content was calculated
based on sugars added to the reaction mixture, and was 455 mg/
g. First the monosaccharide composition of the oligosaccharide
mixtures were defined using HPAEC-PAD for monosaccha-
rides. The concentrations of monosaccharides were 81.8 mg
fucose, 8.7 mg galactose and 106.5 mg glucose per gram of
product mixture. Based on the amount of initial fucose and
lactose, 37% initial fucose was bound to oligosaccharides.

Next, the distribution of sugars among different degrees of
polymerization was analyzed using analytical gel-chromatogra-
phy. Peaks up to DP 6 could be separated nicely with the con-
ditions used. A mixture of malto-oligosaccharides from DP 1 to
DP 6 at 1 g/L concentration each were used as standard, as the
RI-detector response goes down with longer sugar chains.
According to these results, the DP distribution was as follows
(in mg sugar per gram of product mixture): DP 1: 191 mg/g
(42.1% of total sugars), DP 2: 182 mg/g (40.1%), DP 3:
60.9 mg/g (13.4%), DP 4: 16.9 mg/g (3.7%) and DP 5:
3.4 mg/g (0.8%). DP 6 products were below detection limit.
The relative amount of monosaccharides (DP 1) was in line with
the results for monosaccharides from HPAEC-PAD, according
to which the monosaccharide concentration of the mixture is
197 mg per gram of product mixture (43.3% of total sugars).

As gel chromatography does not separate between fGOS and
GOS, HPAEC-PAD was used to determine the amounts of dif-
ferent DP fGOS and GOS separately. In order to achieve this,
the fractions from preparative gel-chromatography analyzed
with TLC and LC-MS were used as standards to identify differ-
ent DP sugars from HPAEC-chromatogram. Additionally,
HPAEC-PAD chromatograms of Vivinal-GOS DP-fractions
were used to identify GOS peaks to identify peaks belonging
to fGOS. After the peaks had been identified, a sample of fGOS
was analyzed using two different concentrations and peaks were
annotated based on their retention times.

In order to quantify the sugars by HPAEC-PAD, malto-
oligosaccharides DP 1–4 were used as standards at 100 μg/
ml concentration. Although the response factor of PAD-
detector cannot be predicted based on the structure of the
sugar, it is generally accepted that the response factor de-
creases as the retention time increases [21–23]. Thus, a corre-
lation between retention times and peak areas of the malto-
oligosaccharides was used to estimate the concentration of
different sugars in the fGOS mixture. Based on the results
from HPAEC-PAD, the distribution of sugars was as follows
(% of total sugars): DP 1: 43.8%, DP 2: 35.7% of which

28.9% contained fucose, DP 3: 14.1%, DP 4: 5.1% and DP
5 and higher 1.2%. The peaks of higher DP than 2 were not
separated well enough to distinguish between fGOS and GOS
and thus the fGOS to total oligosaccharide ratio could only be
defined from DP 2.

Another method of quantification of different oligosaccha-
rides, 2-AB labeling was also studied. As each molecule of
reducing sugar binds one molecule of 2-AB, this method
should be quantitative for other than monosaccharides, which
are lost during the purification process. 2-AB can be detected
with DAD using 254 nm. MS at positive ion mode was used
for peak identification. DP 2 peaks were nicely separated and
fGOS to total OS ratio was defined as 29.5% within DP 2
products. With DP 3 peaks there was some overlapping and
more so with DP 4 peaks. Additionally, DP 4 peaks were
already close to detection limit, and DP 5 could not be detect-
ed at all.

Discussion

In this study, fucose-containing galacto-oligosaccharides were
produced using the commercial β-galactosidase preparation
Biolacta N5. The production was optimized and the fGOS
product was analyzed using several different quantification
and characterization methods.

This is, to our knowledge, the first report of the structure of
an L-fucose-containing disaccharide produced by β-galactosi-
dases. Fucose-containing hetero-oligosaccharides have previ-
ously been produced from fucose and lactose using whole
cells of Bifidobacterium longum and crude cell extracts of
Leuconostoc mesenteroides, Lactobacillus ruminis and
Lactobacillus bulgaricus [24, 25]. The structure of these oli-
gosaccharides produced by L. bulgaricus has been studied and
it was concluded that five structures had been produced, two
with sequence Gal-Fuc and three with Gal-Gal-Fuc. However,
a more detailed structure of these sugars has not been reported.

As β-galactosidase from B. circulans has a broad product
spectrum with different linkages produced, it was expected
that the enzyme would produce differently linked
galactosyl-β-L-fucoses. The product mixture was shown to
contain three different Galβ-L-fucoses with Galβ1–3Fuc
dominating, accounting for about 70% of the amount of all
Gal-Fuc disaccharides. The two other structures were Galβ1–
2Fuc (10%) and Galβ1–4Fuc (20%). It is generally believed
that Biolacta N5 has a preference to the formation of β1–4-
linkages and to a lesser extent β1–6-linkages [16]. As the
structures of L-fucose differs from glucose in positions C4
and C6, it is likely that the steric differences favor the produc-
tion of Galβ1–3Fuc when compared with Gal-Glc disaccha-
rides. Recently, the composition of Vivinal-GOS was studied
in detail and all possible Gal-Glc disaccharides (β1–2, β1–3,
β1–4 and β1–6) were found as well as Galβ1–4Gal. Nine
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different trisaccharides were found as well as 15
tetrasaccharide and 15 pentasaccharide structures [26]. In
our study the main fucose-containing disaccharide was
Galβ1–3Fuc, and thus it is likely that the majority of fucose-
containing trisaccharides also has this linkage. It seems steri-
cally possible to get four or five different trisaccharides from
each disaccharide with the addition of a galactosyl-moiety and
thus it is possible that the trisaccharide pool is a mixture of 10–
15 different fucose-containing trisaccharides as well as ap-
proximately 10 GOS structures. Naturally, the number of dif-
ferent structures increases with the degree of polymerization,
as can be seen in the literature.

In human milk the fucose moiety is attached to the non-
reducing end with anα-linkage. In the fGOS product fucose is
at the reducing end of the sugar and galactose is linked to
fucose via β-linkage. It is not known how this linkage affects
the biological activity of the product. It would seem likely that
for the antiadhesive effect to take place, it is important to get
the L-fucose into the intestine without it being degraded on the
way. As humans lack the ability to hydrolyze β-glycosidic
linkages other than present in lactose [27], it seems likely that
Gal-Fuc disaccharide with β-linkage would survive the diges-
tive enzymes. The addition of fGOS to infant formula could
thus be a method of delivering fucose into the intestines of the
infant for bacteria to utilize. As these oligosaccharides would
most likely be utilized by bifidobacteria and possible also
other bacteria in the intestines, some of the fucose would be
used by these bifidobacteria and some would be released into
the medium, depending on the strain in question. As free fu-
cose functions as a signal molecule warning the intestinal
epithelial cells of possible invasion and breakage of mucosal
barrier, adding fGOS to formula could strengthen the mucosal
immune system of the infant. Additionally free fucose is
shown to suppress the virulence of certain pathogens [5–7].

Production optimization was done using an experiment
model and optimal conditions and responses at these condi-
tions were estimated using a prediction tool in Modde. A scale
up reaction at 3.75 kg scale was done using the optimal con-
ditions. At the end of the reaction, the mixture contained a total
of 42% monosaccharides, 40% disaccharides and 18% of larg-
er oligosaccharides. There were some challenges in product
quantification. As the product is a mixture of dozens of differ-
ent sugars, the complete separation of all peaks using liquid
chromatography turned out to be a difficult task. Another prob-
lem is the lack of standards to identify and quantitate different
sugars. For these reasons a combination of several methods
consisting of gel chromatography, TLC, LC-MS and
HPAEC-PAD was used. As the full separation of sugars larger
than DP 2 could not be achieved, the ratio between fGOS and
GOS could only be determined for disaccharides as 0.3. When
the ratio of total fGOS to GOS was defined based on free
monosaccharides, the result was 0.44. It seems that the ratio
of fGOS to GOS increases with larger oligosaccharides. It

could be that the enzyme prefers fGOS over GOS due to the
effect of smaller fucose on the steric hindrances.

According to the model, the amount of fGOS producedwas
estimated to be 220 ± 35 μmol per gram of reaction mixture.
In the scale-up experiment the result was 290 μmol/g reaction
mixture. Also the amount of added fucose bound to fGOSwas
higher, 37%, than predicted, 30 ± 5.2%. It can be said that the
results were slightly better than predicted.

Conclusions

In this work a commercial β-galactosidase from Bacillus
circulans was used to produce fucose-containing galacto-oligo-
saccharides from fucose and lactose. The production was opti-
mized and the product was analyzed. NMR studies revealed
three novel fucose-containing disaccharides, galactose linked
to fucose through β1–3-, β1–4- or β1–2-linkage. The fGOS
oligosaccharide mixture contained 40% monosaccharides,
40% disaccharides and 20% oligosaccharides. 30% of the disac-
charides and 44% of all oligosaccharides contained fucose.
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